Non-steroidal anti-inflammatory drugs (NSAIDs) are among the most commonly prescribed drugs worldwide-more than 111 million prescriptions were written in the United States in 2014. NSAIDs allosterically inhibit cytosolic sulfotransferases (SULTs) with high specificity and therapeutically relevant affinities. This study focuses on the interactions of SULT1A1 and mefenamic acid (MEF)-a potent, highly specific NSAID inhibitor of 1A1. Here, the first structure of an NSAID allosteric sitethe MEF-binding site of SULT1A1-is determined using spin-label triangulation NMR. The structure is confirmed by site-directed mutagenesis and provides a molecular framework for understanding NSAID binding and isoform specificity. The mechanism of NSAID inhibition is explored using molecular dynamics and equilibrium and pre-steady-state ligand-binding studies. MEF inhibits SULT1A1 turnover through an indirect (helix-mediated) stabilization of the closed form of the activesite cap of the enzyme, which traps the nucleotide and slows its release. Using the NSAID-binding site structure of SULT1A1 as a comparative model, it appears that 11 of the 13 human SULT isoforms harbor an NSAID-binding site. We hypothesize that these sites evolved to enable SULT isoforms to respond to metabolites that lie within their metabolic domains. Finally, the NSAID-binding site structure offers a template for developing isozyme-specific allosteric inhibitors that can be used to regulate specific areas of sulfuryl-transfer metabolism.
Tens of billions of NSAID 2 tablets are consumed annually in the United States by the more than 65 million adults that routinely consume them (1) . Given these statistics, it is perhaps not surprising that NSAIDs are the most prevalent pharmaceutical contaminants in United States aquifers (2) . The populace of the United States is under the persistent metabolic influence of these drugs. For more than 3 millennia, humans have consumed NSAIDs to reduce inflammation, pain, and fever (3) .
These therapeutic properties are attributed to the NSAID inhibition of COX1 and COX2 (4) , which are essential for prostaglandin biosynthesis. In addition to traditional therapeutic applications, the antiplatelet activity of NSAIDs has led to their widespread use in the prevention of myocardial infarction, blood clot formation, and cardiovascular disease (5) (6) (7) , and their anticancer effects (8, 9) (for which there is no known mechanism (10, 11)) recommend them as "anti-cancer drugs for the masses (7) ."
Human cytosolic sulfotransferases (SULTs) are allosterically inhibited by NSAIDs (12) . SULTs regulate the activities and terminal half-lives of thousands of metabolites, including many signaling small molecules, via transfer of the sulfuryl-moiety (-SO 3 ) from the nucleotide donor (3Ј-phosphoadenosine 5Ј-phosphosulfate (PAPS)) to the hydroxyls and amines of acceptors (13) . In addition to their homeostatic and detoxifying functions, SULTs catalyze in situ synthesis of carcinogens by sulfonating compounds (typically low-pK a acceptors) that disproportionate into sulfate and highly reactive carbocations that covalently modify protein and DNA (14, 15) . It is notable that the risk of prostate cancer is elevated 5-8-fold in individuals that express SULTs at high levels (16) , and it is reduced significantly by regular NSAID use (17, 18) .
Thirteen SULT isoforms are encoded in the human genome. The substrate specificities of these enzymes are broad, somewhat overlapping, and center on different areas of metabolism. To date, NSAID inhibition of four isoforms has been confirmed: 1A1 (19) ; 1E1 (20) ; 1A3 (21) ; and 2A1 (22) . SULT1A1, the focus of this work, is the broadest specificity SULT. 1A1 is found at its highest levels in liver, where it is present in neargram quantities (23) , and in mature enterocytes that line the small intestine (24) , where the enzyme screens and detoxifies xenobiotics en route to plasma. The specificities of 1A3, 2A1, and 1E1 are centered, respectively, on catecholamine neurotransmitters (25) , hydroxysteroids (26) , and estrogens (27) . The variable sensitivity of SULTs toward NSAID inhibition (19 -21) reveals the uniqueness of the sites and is consistent with the concept that they evolved to bind metabolites that lie within the metabolic purview of the isoforms in which they reside-such is the case with catechin SULT-allosteric sites (28, 29) . This study defines, for the first time, the structure of an NSAID allosteric site-the mefenamic acid (MEF)-binding site of SULT1A1-and the molecular mechanism of NSAID inhibition. The structure provides a template for identifying endogenous metabolite allosteres and as a basis for the rational design of isoform-specific SULT allosteric inhibitors that might allow independent control of the numerous and disease-relevant metabolic areas in which SULTs operate.
Results and discussion

Structure of the SULT1A1 MEF-binding site
Overview-We have developed a method that allows the structure of a protein's ligand-binding site to be determined from the 1D solution-NMR spectrum of the ligand (28, 29) . The technique involves determining distances from ligand nuclei (typically protons) to the unpaired electrons of three covalently-attached spin labels that are positioned such that each proton can be mapped (Ϯ ϳ2.5 Å) to the protein surface by triangulation. Proton/spin-label interactions are detectable over distances of Յ ϳ25 Å; thus, each unpaired electron can be considered the center of an "interaction sphere" of diameter ϳ50 Å-a dimension comparable with that of many protein subunits. In favorable cases, spin labels can be positioned to "coat" the entire protein surface in a detectable paramagnetic field without altering the protein's catalytic functions. The final structure of the binding site is refined using NMR distanceconstrained molecular dynamics (MD) docking.
Spin-label insertion sites-In previous work with SULT1A1 (29) , it proved possible to remove reactive cysteines from the wild-type scaffold and to install and spin-label cysteine at six well-separated, solvent-exposed positions without altering the initial-rate parameters of the enzyme. Taken together, the paramagnetic fields of these six constructs provide essentially complete coverage of the enzyme's surface. The line-broadening effects of these constructs on the 1D solution spectrum of MEF were used to approximate the position of the MEF-binding site and to identify the insertion sites to be used in triangulation studies. Two of the selected sites, residues 29 and 234, were previously characterized (29) . A third previous site (site 151) (29) was positioned close enough to bound MEF that its solution line widths were broadened beyond the point of accurate measurement. The 1A1 scaffold was studied to identify a possible alternative Cys-insertion point-a geometrically well-positioned, solvent-exposed residue with a stable backbone (i.e. low MD-predicted RMSF). The analysis suggested an E198C conversion would prove a suitable third, spin-label attachment site; consequently, the E198C mutation was inserted into a 1A1. To assess whether Cys insertion and spin-label attachment at positions 29, 198 , or 234 alters the catalytic behavior of the enzyme, the initial-rate and MEF-inhibition parameters of the spin-labeled constructs were determined and compared with the wild-type enzyme. The parameters of the labeled-mutant and wild-type enzymes are, within error, indistinguishable (see Table 1 ).
Distance measurements-Distances between protein-bound ligand protons and covalently attached spin labels are calcu-lated (using the Solomon Bloembergen equation (30) ) from the line broadening effects of the unpaired electron on the proton resonance. When the frequency of ligand exchange between the protein surface and solution is comparable to or greater than the Larmor frequency difference between the bound and free proton, line broadening is observed in the ligand's solution spectrum. In such cases, the observed transverse relaxation (R 2 obs ), which is calculated from the line width, depends linearly on the fraction of bound ligand (F B ) according to Equation 1 (30, 31) ,
where R 2B and R 3F are the bound-and free-proton relaxation rates, respectively, and R 2 ex is the chemical exchange contribution to the relaxation.
Relaxation of a protein-bound ligand proton is enhanced primarily by Brownian rotation of the protein, which causes the proton to experience magnetic field fluctuations at or near its Larmor frequency. For a spin-labeled enzyme, such fluctuations arise from the motion of the unpaired electron and/or nuclear spins. Distance calculations require the contribution of the unpaired electron to the proton relaxation. To isolate the electron's contribution, one constructs observed relaxation (R 2 obs ) versus fraction ligand-bound (F B ) plots for a paramagnetic construct and a diamagnetic homologue, in which the spin-label PROXYL moiety is replaced with a cyclohexyl group (29, 32) , and subtracts the slope of the diamagnetic construct plot from that of the paramagnetic construct (33, 34) .
The five MEF protons used in the triangulation study are highlighted in red in Fig. 1A , which presents the structure and solution 1 H NMR spectrum of MEF (35) . These protons span the body of MEF and thus allow the molecule to be oriented relative to the spin labels. The line-broadening effects of the Cys-234 spin label on the H7 peak of MEF are shown as a function of the percent of enzyme-bound MEF in Fig. 1B . To complete the H7 triangulation, similar experiments were performed using the Cys-198 and Cys-29 spin labels and a diamagnetic construct. Line widths were determined by fitting using NMRPipe (36) , and the results were used to construct the R 2 obs versus F B plots (Fig. 1C) . Similar experiments were performed for each of the remaining highlighted protons (Fig. 1A) , and the associated R 2 obs versus F B plots are presented in Fig. S1 . Each titration used in constructing R 2 obs versus F B plots was performed in duplicate. The distances used to triangulate the protons, and thus position and orient MEF on the enzyme, were calculated using the Solomon-Bloembergen equation (30) and are compiled in Table 2 .
Refining the structure-NMR distance-constrained MD docking was used to obtain the final structure of the MEFbinding site. The NMR-determined distances represent vectors between the time-averaged position of the spin-label oxygen atoms (calculated using GROMACS) and a given proton. Each proton represents the point of intersection of the three vectors that position it. The standard errors (Ϯ1 ) associated with the distance measurements (see Table 2 ) define the magnitudes of the principal axes of an error ellipsoid that centers on the proton. MD docking is constrained, using distance_restraints 
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(GROMACS (37, 38)), by applying a 50 kJ mol Ϫ1 Å Ϫ1 restoring force that drives the proton toward the ellipsoid center if any part of its van der Waals surface lies outside the ellipsoid. Dis-tance_restraints was parameterized to utilize time-averaged (1/r 6 )-weighted restraints, as is appropriate for NMR spin-spin interaction measurements (30, 31, 39) . The five triangulated MEF protons were constrained simultaneously during docking, which was repeated 10 times. Nearly identical structures were achieved in each case (the r.m.s.d. for the 10 MEF structures was 1.3 Å), and the resulting structure did not change once the distance constraints were removed. Structure-The MD-refined structure of the SULT1A1⅐ MEF⅐PAPS⅐pNP complex is presented in Fig. 2 , A and B (model Archive (40, 41) accession number 9lofhczzif5mpb7u1). The surface layer of the MEF-binding pocket is highlighted by a semi-transparent surface. The MEF-binding pocket is formed primarily by four planar R-groups that directly contact MEF. Three of the residues (Tyr-140, His-141, and His-144) interact with benzyl-moieties of MEF and are located in helix 6 (H6 (42)); the fourth, Trp-155, forms a contact between its face and the MEF C6-methyl group. Finally, His-141 and His-144 are positioned such that they may hydrogen bond with the MEF carboxyl. It should be noted that H6, which is adjacent to the active-site cap of SULT1A1 (orange), appears to couple MEF binding to the inhibition of the enzyme (see under "Inhibition mechanism").
Structure validation-To validate the MD-predicted structure, each residue in direct contact with MEF (Tyr-140, His-14, His-144, and Trp-155) was mutated either to a conservative replacement (Y140L and H141S) or a residue found at the identical position in a homologous SULT (H144R and W155R). The mutations significantly (1.6 -5.5-fold) affected K i values of MEF and the fraction turnover at saturating inhibitor (k cat inh /k cat ), but did not alter k cat (see Table 3 , Fig. S2 , and under "Experimental procedures"). The effects were small enough to be explained on the basis of indirect interactions and thus did not convincingly support the binding site structure. It seemed either the mutations were remote from the MEF-binding site or altering only one of the four contact residues left enough of the site intact to allow MEF to bind and inhibit, albeit more weakly.
To resolve the remote-versus-direct interaction issue, an inhibition study using the same mutants was performed using an NSAID, acetylsalicylic acid (ASA), that contains only the benzyl ring of MEF (Fig. 3A) . The residues that directly contact MEF separate into two pairs (141/144 and 140/155), each of which interacts with a different MEF ring. We reasoned that a single-ring NSAID might interact preferentially with only one of the pairs-perhaps, as in the case of ASA, the same pair that binds the MEF benzyl-moiety (i.e. 141/144). If so, a mutation in the 141/144 pair should largely abolish the ASA-binding site, whereas mutations in the "unused" pair will have little effect. The results of ASA-inhibition studies ( Table 3 and Fig. S2 ) strongly support this theory-mutating either residue of the 141/144 pair substantially decreases K i, ASA (21-28-fold), and altering the 140/155 pair has only slight (Ͻ2-fold) effects. To ensure that ASA and MEF bind at the same site, the ligands were tested for competitive binding. At saturating MEF, turn- 
over of the Y140L mutant is 44% of that seen at zero inhibitor, whereas ASA saturation reduces turnover to 22%. If the ligands compete, titrating MEF into a solution of ASA-saturated Y140L will cause the velocity to increase to a maximum of 2-fold (i.e. 22-44%) as ASA is replaced by MEF. As is seen in Fig. 3B , this is precisely what is observed. In conclusion, the mutagenesis findings support the MEF-binding site structure seen in Fig. 2 and suggest that ASA, the most commonly consumed NSAID, binds at the His-141/144 subsection of the NSAID-binding site.
Conservation of the NSAID-binding site-The SULT family is highly structurally conserved (43) . The SULT1A1 residues that directly contact MEF are listed in Table 4 and are compared with the analogous residues in the 12 remaining catalytically active members of the SULT family. The SULTs listed in bold italic font in Table 4 have been shown experimentally to be inhibited by NSAIDs (1A1 (19) , 1A3 (21) , 1E1 (20) , 2A1 (22)). As can be seen, the direct contact residues of the remaining nine SULTs are conserved with respect to at least one of the experimentally verified isoforms. Thus, it appears that most if not all SULTs harbor the NSAID-binding site. In vivo studies reveal that NSAIDs significantly alter metabolite sulfonation in humans (44 -47) . These findings raise important questions regarding the nature and extent of NSAID influences on human sulfuryl-transfer metabolism and on the many sulfonated Food and Drug Administration-approved drugs (48) .
Inhibition mechanism-Helix 6 harbors the majority of the NSAID-binding sites and is adjacent to the SULT1A1 activesite cap (Fig. 2, A and B) . The cap is conserved across the SULT family, and its structure and dynamics are intimately linked to substrate selectivity and turnover (49 -53) . When the cap is closed, it encapsulates nucleotide and must therefore open for nucleotide to escape (53, 54) . SULT1A1 turnover is rate-limited by PAP release (49, 55, 56) , which, in turn, is determined by the fraction of the time the cap spends in the open position(s). Given that H6 interacts with both MEF and the cap, we reasoned that MEF might slow turnover via H6-mediated stabilization of the closed form of the cap.
Previous binding studies reveal that MEF and PAP do not significantly influence one another's affinity-their interaction energy is ϳ0 (12) . Hence, MEF does not slow turnover by enhancing PAP affinity. If, instead, MEF independently stabilized the closed confirmation of the cap, nucleotide binding and release would be slowed to the same extent (because nucleotide can neither enter nor escape once the cap is closed), and turnover would thus decrease without altering PAP affinity. To explore this hypothesis, cap behavior was simulated with and without ligand (MEF or PAP) using all-atom MD. As is seen in Fig. 4A , the cap is predicted to remain open in the absence of ligand and to close and form a similar pore in response to the binding of either MEF or nucleotide. To test the prediction that MEF independently fosters cap closure, nucleotide on-and offrate constants were determined in the presence and absence of saturating MEF using stopped-flow fluorescence (49, 53, 56) . The results confirm the prediction-nucleotide on-and offrate constants are decreased by the same factor (ϳ7.5) in the presence of MEF (see Fig. 4B and Table 5 ). Given that nucleo- Less than 5% of the 1-HP converted at the reaction end point was consumed during the rate measurements. The line through the data points represents the behavior predicted by the constants compiled in Table 3 . 
tide release is largely rate-limiting (12), the 7.5-fold decrease in off-rate constant predicts that turnover will decrease to 13% at saturating MEF, which is in excellent agreement with the observed value of 15% (see Table 3 ). These findings strongly support that MEF slows turnover via an indirect, H6-mediated stabilization of the cap-closed form of SULT1A1.
Conclusions
The structure of the first SULT NSAID-binding site has been determined-that of SULT1A1. Only four residues at the binding site directly contact MEF (Tyr-140, His-141, His-144, and Trp-155). These four planar residues separate into two pairs (140/141 and 140/155), each of which binds a different MEF ring moiety. Mutagenesis and inhibition studies strongly suggest that the 141/144 pair forms the docking site for the single ring of aspirin (ASA). Mechanism work reveals that MEF binding inhibits turnover by stabilizing the closed form of the activesite cap of the enzyme indirectly through an intervening helix (H6). Finally, sequence comparisons indicate that most if not all of the 13 SULT isoforms harbor the NSAID-binding site, which raises the question of the extent to which NSAIDs influence human sulfuryl-transfer metabolism and biology.
Experimental procedures
Materials
The materials and sources used in this study are as follows: 5,5Ј-dithiobis-2-nitrobenzoic acid (DTNB), DTT, EDTA, L-glutathione (reduced), 1-HP, imidazole, IPTG, LB media, lysozyme, 4-maleimido-PROXYL, N-cyclohexylmaleimide, pepstatin A, and potassium phosphate were the highest grade available from Sigma. Acetylsalicylic acid, ampicillin, HEPES, KCl, KOH, MgCl 2 , and phenylmethylsulfonyl fluoride (PMSF) were purchased from Thermo Fisher Scientific. Glutathione-and nickel-chelating resins were obtained from GE Healthcare. Competent Escherichia coli (BL21(DE3)) was purchased from Novagen. Mefenamic acid was obtained from Santa Cruz Biotechnology. PAPS and PAP were synthesized as described previously (57) and were Ն99% pure as assessed by anion-exchange HPLC.
Computer and software
Molecular dynamics simulations were performed on a Parallel Quantum Solutions QS32-2670C-XS8 computer. PQS Molecular Builder was purchased from Parallel Quantum Solutions (58) . A Genetically Optimized Ligand Docking (GOLD) (59 -61) license was obtained from the Cambridge Crystallographic Data Center. The source code for GROningen MAchine for Chemical Simulation (GROMACS) 4.5 (37, 38, 62) was downloaded from http://www.GROMACS.org 3 under the GROMCAS General Public License (GPL). Pro-K software was obtained from Applied Photophysics Ltd.
Methods
SULT1A1 constructs-The E. coli codon-optimized SULT1A1 coding region was inserted into a triple-tag pGEX-6P expression vector containing an (N-terminal)-His/GST/MBP tag. To create the Cys-insertion mutants used for regiospecific attachment of maleimide-based labels, a Cys-light 1A1 plasmid was first constructed by replacing reactive Cys-287 and Cys-70 (both of which react with DTNB (29)) with serines; three single-Cys mutants were then created by inserting Cys into the Cyslight 1A1 scaffold at residues Gly-29, Glu-198, and Lys-234, respectively. The mutants for testing the hypothetical interaction of mefenamic acid with SULT1A1 were constructed by mutating the wild-type SULT1A1-coding region as follows: Y140L, H141S, H144R, and W155R. All mutagenesis projects used standard PCR mutagenesis protocols (51) .
Protein purification-SULT expression and purification were performed as described previously (12, 52, 54) . Briefly, E. coli cells (BL21(DE3)) harboring a SULT1A1 expression plasmid were grown at 37°C in LB medium, induced with IPTG (0.30 mM) at A 600 ϳ0.6, and cultured at 17°C for 18 h following induction. The cells were pelleted, resuspended in lysis buffer (PMSF (290 M), pepstatin A (1.5 M), lysozyme (0.10 mg/ml), EDTA (2.0 mM), KCl (400 mM), KPO 4 (50 mM), pH 7.5), sonicated, and centrifuged (10,000 ϫ g, 1.0 h) at 4°C. MgCl 2 (5.0 mM) was then added to chelate EDTA, and the supernatant was passed through a chelating Sepharose Fast Flow column charged with Ni 2ϩ . The column was washed (imidazole (10 mM), KCl (400 mM), and KPO 4 (50 mM), pH 7.5); enzyme was eluted (imidazole (250 mM), KCl (400 mM), and KPO 4 (50 mM), pH 7.5) and loaded directly onto a glutathione-Sepharose column, which was washed (DTT (2.0 mM), KCl (400 mM), and KPO 4 (50 mM), pH 7.5) before eluting the tagged enzyme A, simulated MEF-induced SULT1A1 cap closure. All-atom MD was performed with SULT1A1, SULT1A1⅐PAPS, and SULT1A1⅐MEF. The predicted structures are superposed, and the active-site caps of the structures are highlighted as follows: SULT1A1 (cyan); SULT1A1⅐PAPS (red); SULT1A1⅐MEF (gold). B, MEF affects nucleotidebinding rate constants. Binding-reaction progress curves were monitored using a stopped-flow fluorimeter ( ex ϭ 290 nm and em Ն 330 nm (cutoff filter)). Reactions were initiated by mixing (1:1 v/v) a solution containing SULT1A1 (50 nM, dimer), MEF (0, or 1.0 M (37 ϫ K d )), MgCl 2 (5.0 mM), KPO 4 (50 mM), pH 7.5, 25 Ϯ 2°C, with a solution that was identical except that it lacked SULT1A1 and contained PAP at twice the indicated concentrations. k obs values were obtained by fitting five averaged progress curves using Pro-K analysis software. Each k obs value is the average of three independent determinations. k on and k off were obtained from the slopes and intercepts predicted by linear least-squares analysis and are compiled in Table 5 .
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(reduced glutathione (10 mM), DTT (2.0 mM), KCl (400 mM), and Tris (100 mM), pH 8.0). The fusion protein was digested using PreScission protease overnight at 4°C, and run through a GST column to remove the tag. The protein was Ͼ95% pure as judged by SDS-PAGE. The protein was then concentrated, and its concentration was determined by UV absorbance (⑀ 280 ϭ 53.9 mM Ϫ1 cm Ϫ1 ) (51). The final protein was flash-frozen and stored at Ϫ80°C.
Covalent tagging-3-Maleimido-PROXYL or N-cyclohexylmaleimide (diamagnetic control label) was added to a solution containing enzyme in a 20:1 ratio over reactive Cys (29, 32) . PAP was added to the reaction solution to enhance enzyme stability during labeling. Reaction conditions were as follows: SUTL1A1 (50 M, monomer), 3-maleimido-PROXYL or N-cyclohexylmaleimide (1.0 mM), PAP (0.50 mM), KPO 4 (50 mM), pH 7.5, 4 Ϯ 2°C. Reactions were monitored using DTNB to detect unreacted cysteine and were considered complete when Ͼ98% of the cysteine in the protein had been labeled. Following reaction completion, the reaction mixtures were dialyzed against PAP (0.50 mM), KPO 4 (50 mM), pD 7.4, D 2 O (Ͼ95%), 4 Ϯ 2°C.
Initial rate studies-Initial rate parameters were determined using a previously described 1-HP assay (12) . Briefly, reactions were initiated by addition of PAPS (0.50 mM, 17 ϫ K m ) to a solution containing enzyme (10 nM, active site), 1-HP (2.0 M, ϳ100 ϫ K m ), and KPO 4 (50 mM), pH 7.5, 25 Ϯ 2°C. Reaction progress was monitored via the sulfonation-dependent change in 1-HP fluorescence ( ex ϭ 325 nm and em ϭ 370 nm). K m and V max values were determined using progress curve analysis (48) . In the MEF and ASA inhibition studies, the inhibitor concentrations ranged from 0.2 to 20 ϫ K i values, and K i value was obtained from weighted least-squares fitting (64) using the following partial non-competitive inhibition equation (64):
where v o is the initial rate at [I] ϭ 0, and ␣ is the ratio of initial rates at saturating substrate with/without saturating inhibitor.
NMR measurements-MEF 1D-proton spectra were acquired at 298 K using a Bruker 600 MHz spectrometer equipped with a TCI H/F-cryogenic probe. Spectra were acquired at the following conditions: spin-labeled SULT1A1 (20, 15, 10, 5.0, and 2.5 M active sites), MEF (100 M), PAP (500 M, 17 ϫ K d ), KPO 4 (50 mM), pD 7.4, 25 Ϯ 1°C. Peak widths were obtained by fitting using NMRdraw configured to use a Lorentzian peak shape (36) .
Molecular dynamics modeling-SWISS-MODEL (65) was used to create a ligand-free model of SULT1A1 from the SULT1A1⅐PAP (Protein Data Bank code 4GRA (52)) structure. The model was protonated (pH 7.4) and energy-minimized using GROMACS (37, 38, 62) , as described previously (28, 29) . GROMAS57 energy-parameter files were created using Automated Topology Builder (63) for MEF, PAPS, and a spin-labeled cysteine analogue in which the nitroxyl moiety was replaced by a hydroxyl group. The spin-labeled cysteine analogue was added to the GROMAS57 energy field as a non-canonical amino acid and inserted into SULT1A1 by replacing residues Gly-29, Glu-198, and Lys-234. PAPS was positioned in the active site using GOLD (59 -61). The system was equilibrated (298 K, NaCl (50 mM), pH 7.4) in 100-ps increments using GROMACS. Once equilibrated, MEF was randomly positioned in a simulated box of water (52 ϫ 52 ϫ 52 Å) containing the spin-labeled SULT1A1⅐PAPS construct and docked using GROMACS. Docking was constrained using NMR-determined spin-label/MEF-proton distances (see under "Results and discussion"). The simulation exercise was repeated 10 times, and identical MEF-bound structures were obtained in each case.
Ligand-binding molecular dynamics modeling-The model of native SULT1A1 (i.e. without attached spin labels) was constructed as described above. Apo-SULT1A1 was equilibrated over 1.2 ns in 100-ps increments at NaCl (50 mM), 298 K, pH 7.4, using GROMACS (37, 38, 62) . The r.m.s.d. of the system stabilized between 0.2 and 0.3 ns. The behavior of the ligand complexes (SULT⅐PAPS and SULT⅐MEF) was simulated by positioning ligands at their binding sites in the equilibrated apo-structure and allowing the complexes to equilibrate for an additional 1.0 ns.
Effect of PAP(S) binding by MEF at pre-steady state-Presteady-state binding of nucleotide to SULT1A1 was monitored via ligand-induced enzyme fluorescence change using an Applied Photophysics SX20 stopped-flow spectrofluorimeter (56) . SULT1A1 fluorescence was excited at 290 nm and detected above 330 nm using a cutoff filter. k on and k off values of PAP(S) binding to SULT1A1 were obtained by rapidly mixing (1:1, v/v) a solution containing SULT1A1 (50 nM, dimer), MEF (0 or 1.0 M, 37 ϫ K d ), KPO 4 (50 mM), pH 7.5, T ϭ 25 Ϯ 2°C with a solution that was identical except that it contained PAP(S) and MEF (0 or 1.0 M, 37 ϫ K d ) and was without enzyme. Three independently determined progress curves (each of which is an average of five binding reactions) were collected at four separate nucleotide concentrations. The observed rate constant (k obs ) at a given [nucleotide] was obtained by fitting the average of the three curves to Pro-K analysis software. k on and k off values were obtained from the slopes and intercepts predicted by linear least-squares analysis of four-point k obs versus [nucleotide] plots.
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